Etiology and pathogenesis of sarcopenia, the progressive decline in skeletal muscle mass and strength that occurs with aging, are still poorly understood. We recently found that overexpression of the neural serine protease neurotrypsin in motoneurons resulted in the degeneration of their neuromuscular junctions (NMJ) within days. Therefore, we wondered whether neurotrypsin-dependent NMJ degeneration also affected the structure and function of the skeletal muscles. Using histological and functional analyses of neurotrypsin-overexpressing and neurotrypsin-deficient mice, we found that overexpression of neurotrypsin in motoneurons installed the full sarcopenia phenotype in young adult mice. Characteristic muscular alterations included a reduced number of muscle fibers, increased heterogeneity of fiber thickness, more centralized nuclei, fiber-type grouping, and an increased proportion of type I fibers. As in age-dependent sarcopenia, excessive fragmentation of the NMJ accompanied the muscular alterations. These results suggested the destabilization of the NMJ through proteolytic cleavage of agrin at the onset of a pathogenic pathway ending in sarcopenia. Studies of neurotrypsindeficient and agrin-overexpressing mice revealed that old-age sarcopenia also develops without neurotrypsin and is not prevented by elevated levels of agrin. Our results define neurotrypsin-and age-dependent sar-
Sarcopenia, the progressive decline in skeletal muscle mass and function that occurs with aging, contributes substantially to impaired mobility of the elderly and has been associated with an increased risk of morbidity, disability, and mortality (1, 2) . Skeletal muscles of subjects with sarcopenia are characterized by a reduced number of muscle fibers (3) (4) (5) (6) (7) , greater heterogeneity of fiber thickness (8 -13) , angular fibers (4, 14) , centralized nuclei (15, 16) , fiber-type grouping (17) (18) (19) (20) (21) , and shift in the proportion of type I and type II fibers (6, (22) (23) (24) (25) (26) . The etiology of sarcopenia is still a matter of debate. The long list of suspects includes motoneuron loss and motor-unit remodeling (21, (27) (28) (29) , decreased capacity of motoneurons to innervate regenerating muscle fibers (30) , instability of the neuromuscular junction (NMJ; ref. 31) , physical inactivity (32) , oxidative damage (35) , impaired excitation-contraction coupling (36) , decline in satellite cell activation, and proliferation (14, 37) , as well as nutritional, hormonal, metabolic, and immunological deficits associated with advanced age (38 -43) . Mitochondrial dysfunction has also been discussed as an etiology for sarcopenia (7, 33) ; however, the extent of the mitochondrial contribution to sarcopenia may have been overestimated (34) .
Here, we addressed the question whether the pathogenic processes ending with sarcopenia may result from the impairment of a protective mechanism for the NMJ that depends on the presence of the motoneuronderived proteoglycan agrin. Recent studies (44 -48) showed that the integrity of the NMJ requires the protective action of agrin to escape from a so far not specified dispersal mechanism controlled by synaptic activity. We recently found that agrin is cleaved by the neuronal serine protease neurotrypsin at two homologous, highly conserved sites, resulting in the dissociation of the C-terminal domain (agrin-22) containing the NMJ-organizing and protecting function (49) . Excessive agrin cleavage following neurotrypsin overexpression in motoneurons resulted in severe NMJ alterations within days (50) . To elucidate the role of proteolytic agrin cleavage on skeletal muscles, we used transgenic mice overexpressing neurotrypsin in motoneurons and, therefore, exhibiting a reduced level of agrin at the NMJs. We found reduced muscle mass and strength, with histopathological alterations mimicking those of sarcopenia in all tested aspects. Excessive NMJ fragmentation resulting in partial or total loss of the postsynaptic specialization suggested NMJ dispersal re-sulting in fiber denervation as the underlying pathogenic mechanism. Studies of neurotrypsin-deficient mice indicated that the pathogenesis of murine old-age sarcopenia does not require neurotrypsin and characterized neurotrypsin-and age-dependent sarcopenia as distinct etiologic entities.
MATERIALS AND METHODS

Animals
All animal procedures were performed in accordance with institutional guidelines and were approved by the Veterinary Authority of the Canton Zurich. The generation of neurotrypsin-deficient (Ntd; refs. 49, 51) , neurotrypsin and agrin transgenic (50) , and synaptophysin-GFP transgenic (52) mice has been described previously.
Transgenic mouse lines for conditional neurotrypsin overexpression
The following mouse lines bearing loxP-flanked transcriptional stop signals inserted between the Thy-1 promoter and the neurotrypsin-encoding segment were used: B6.C3-Tg(PRSS12)491Zbz and B6.C3-Tg(PRSS12)493Zbz for human neurotrypsin; B6.C3-Tg(Prss12)497Zbz and B6.D2-Tg(Prss12) 533Zbz for murine neurotrypsin (50) .
Transgenic mice with selective overexpression of neurotrypsin in spinal cord motoneurons (Nto-moto)
Mice of conditional lines B6.C3-Tg(PRSS12)493Zbz and B6.C3-Tg(Prss12)497Zbz were crossed with mice expressing Cre-recombinase under the control of the motoneuron-specific Hb9 promoter (53) to induce somatic recombination and selective activation of the Thy1-neurotrypsin transgene in motoneurons.
Transgenic mouse lines with constitutive neuronal neurotrypsin overexpression (Nto1 and Nto2)
Mice of the conditional lines B6.C3-Tg(PRSS12)491Zbz and B6.D2-Tg(Prss12)533Zbz were crossed with transgenic mice expressing Cre-recombinase under the control of the cytomegalovirus promoter. LoxP-based recombination results in the general deletion of the floxed segment and enables the germline transmission of the excised state. The new lines with constitutive overexpression of human and murine neurotrypsin under the Thy-1 promoter were termed Nto1 [B6.C3-Tg(PRSS12) 491.1Zbz] and Nto2 [B6.D2-Tg(Prss12)533.1Zbz], respectively.
Transgenic mouse line overexpressing inactive neurotrypsin (Nto-inact)
To inactivate neurotrypsin, the essential active site serine-711 was mutated to alanine. Inactive neurotrypsin was expressed constitutively under control of the Thy-1 promoter (50). Line B6.D2-Tg[Prss12 (S711A) ]785Zbz was used.
Transgenic mice overexpressing cleavage-resistant or wildtype agrin together with neurotrypsin (Nto1/rAg and Nto1/Ag)
To render agrin resistant to neurotrypsin cleavage, the arginine of the ␣-cleavage site and the lysine of the ␤-cleavage site of rat agrin cDNA were both mutated to alanine (50) . Cleavage-resistant and wild-type agrin were overexpressed under the Thy-1 promoter (50) . Lines B6;D2-Tg[Agrn (R995A;K1754A) ]1385Zbz and B6;D2-Tg(Agrn)1380Zbz were used. These mice were crossed with the constitutive neurotrypsin-overexpressing line Nto1 [B6.C3-Tg (PRSS12)491.1Zbz] to overexpress neurotrypsin in combination with agrin.
Transgenic overexpression was assessed by Western blotting of spinal cord homogenates of P10 mice (Supplemental Fig. S1 ). Animals specified as young-adult were 4 mo old; animals specified as aged were 24 mo old. We carefully paid attention that these animals did not suffer from unrelated age-associated diseases that might influence muscle morphology. All studies were performed with female mice.
Antibodies
Goat antiserum G87 was raised against the protease domain of human neurotrypsin (produced in Escherichia coli and purified by affinity chromatography). Rabbit antiserum R132 was raised against agrin-90 of rat agrin (produced in HEK293T cells and affinity-purified). Goat antiserum G92 was raised against agrin-22 (produced in HEK293T cells). Rabbit anti-synaptophysin antibodies were purchased from Dako Cytomation (Glostrup, Denmark), mouse anti-␤-actin (clone AC-74) from Sigma-Aldrich (St. Louis, MO, USA), and rabbit anti-RFP from Abcam (Cambridge, UK). Secondary antibodies for immunoblotting (anti-rabbit, anti-goat, and anti-mouse peroxidase conjugates) were from Sigma-Aldrich. Secondary antibodies for immunofluorescence [donkey anti-rabbit Cy3 and Cy5, donkey anti-goat Cy5, and donkey anti-rabbit aminomethyl-coumarin-acetate (AMCA) conjugates] were from Jackson ImmunoResearch (West Grove, PA, USA).
Grip strength and footprint analysis
Forelimb grip strength was measured using a standard device including a metal grip bar connected to a tension spring balance. The animal was held by the tail, allowed to grab the bar, and then pulled gently away from the bar. The maximal strength was defined as the relative force that was recorded immediately before the mouse let the bar go. Each animal was tested in 15 trials from which the 5 highest and lowest values were ignored. This procedure was repeated on 3 consecutive days, resulting in 15 values/mouse.
Footprint analysis was performed on a sheet of white paper placed in a box with a small channel. Fore-and hindpaws were labeled with black ink. Most mice walked voluntarily and at constant speed through the channel. Mice that did not move voluntarily, stopped during the walk, changed their speed, or jumped were not included in the analysis. The footprints were imaged and processed using the open source image analysis software ImageJ 1.40g (U.S. National Institutes of Health, Bethesda, MD, USA). Fore-and hindpaw prints were discriminated by their distinct shapes. Stride length was measured as the averaged distance between all consecutive forepaw and consecutive hindpaw prints. Paw placement was quantified by measuring the distance between corresponding fore-and hindpaw prints.
cut from the middle region of the muscles at an axial distance of 120 m.
Muscle histochemistry
Muscle cross-sections were either stained with hematoxylin and eosin (H&E) or for myofibrillar actomyosin ATPase (mATPase) activity after preincubation at pH 4.3, according to Brooke and Kaiser (54) and Hamalainen and Pette (55) . Images were taken with a Leica DFC350FX digital camera (Leica Microsystems, Wetzlar, Germany) mounted on a Leica DM-RXE microscope and analyzed with ImageJ.
To count the number of fibers, the two H&E-stained cross-sections with the largest muscle cross-sectional area (mCSA) from both muscles of each animal were used. The fiber cross-sectional area (fCSA) and the shape of the individual muscle fibers were determined on H&E-stained crosssections by manually outlining all fibers of one muscle per animal using ImageJ. Fibers with centralized nuclei were recorded.
Cross-sections stained for mATPase activity were used for fiber typing. Two sections from both soleus muscles were analyzed. Fiber-type grouping was assessed using the method of enclosed fibers (19, 56) . The numbers of type I and type II fibers at the border or inside of a muscle as well as those that were surrounded only by fibers of its own type were counted. The formula defined by Lexell and Downham (19) A-G) Footprint pattern (forepaw: arrowhead, hindpaw: arrow) of young-adult wild-type (wt) mice (A) was compared with distinct lines of young-adult neurotrypsin-overexpressing (B-F) and aged wild-type mice (G). Young-adult wild-type mice (A) walked with secure steps and typically placed their hindpaw immediately behind their forepaw. Neurotrypsin-overexpressing (B, C) and aged (G) animals walked with small steps and placed their hindpaw at some distance instead of immediately behind their forepaw. Overexpression of inactive neurotrypsin had no effect (D). Coexpression of cleavage-resistant agrin with neurotrypsin restored the wild-type situation (E), whereas wild-type agrin did not (F). H) Quantification of the footprint patterns. Stride length and paw placement were significantly altered in mice with enhanced agrin cleavage (Nto1 and Nto1/Ag) and in aged mice. Coexpression of resistant agrin with neurotrypsin (Nto1/rAg) rescued from the neurotrypsin-overexpression phenotype, while coexpression of wild-type agrin (Nto/Ag) did not. I) Measurement of forelimb grip strength. Grip strength of neurotrypsinoverexpressing (Nto1) and aged mice was reduced compared with adult wild-type mice (wild-type values set to 100%). Coexpression of resistant agrin together with neurotrypsin (Nto1/rAg) rescued from the loss of grip strength, while coexpression of wild-type agrin did not. Number of animals for each group is indicated inside each bar. Error bars ϭ sd. Scale bars ϭ 5 cm. **P Ͻ 0.01, ***P Ͻ 0.001 vs. young-adult wild type;°°P Ͻ 0.01,°°°P Ͻ 0.001 vs. Nto1. Increased heterogeneity of fiber thickness and accumulation of both centrally nucleated (arrows) and angular fibers (arrowheads) compared to wild type (A) were characteristic for sections from young-adult Nto1 (B), Nto2 (E), Nto-moto (F), and aged animals (H). Concomitant overexpression of neurotrypsin and proteolysis-resistant agrin restored the wild-type morphology (C), while wild-type agrin did not (D). Overexpression of inactive neurotrypsin had no effect (G). Scale bars ϭ 0.1 mm.
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Immunostaining of soleus muscles and quantification of NMJ fragmentation
To analyze the NMJs, soleus muscles were dissected, rinsed in PBS, and fixed in methanol at Ϫ20°C for 10 min. The muscles were then teased into small fiber bundles with forceps. After incubation in blocking solution (5% horse serum, 1% BSA, 1% Triton X-100, and 0.01% sodium azide, in PBS) for 2 h, samples were incubated with rabbit anti-synaptophysin antibodies overnight at 4°C. Cy3-conjugated donkey anti-rabbit antibodies were added together with Alexa488-conjugated ␣-bungarotoxin (0.1 g/ml; Molecular Probes, Invitrogen, Carlsbad, CA, USA) for 4 h at room temperature. To detect agrin-90 and agrin-22, muscles from synaptophysin-GFP transgenic mice were incubated with R132 and G92 antibodies, followed by AMCA-conjugated donkey anti-rabbit antibodies, Cy5-conjugated donkey anti-goat antibodies, and tetramethylrhodamine (TMR)-conjugated ␣-bungarotoxin (1 g/ml; Sigma-Aldrich). After being washed, samples were embedded in mounting medium (Dako Cytomation). Z-serial images with an interspace of 0.12 m were collected with a Leica SP2 confocal microscope using a ϫ63 objective. Voxel dimensions were 0.47 ϫ 0.47 ϫ 0.12 m. Excitations at 405 nm (diode laser), 488 nm (argon laser), 543 nm (helium neon laser), and 633 nm (helium neon laser) were used for AMCA, Alexa488/GFP, Cy3/TMR, and Cy5, respectively. Only endplates oriented in the plane of the image were included. To quantify NMJ fragmentation, maximal projections of confocal stacks of presynaptic synaptophysin and postsynaptic ␣-bungarotoxin stainings were made. ImageJ was used to count the number of fragments (isolated fluorescent spots Ͼ2 m 2 ) per junction.
Number of motoneurons
The spinal cords of 2 pairs of animals (i.e., a wild type and a transgenic or an adult and an aged) were prepared and analyzed together. They were aligned in parallel, embedded in TissueTek, and frozen in liquid isopentane cooled to Ϫ75°C. At least 10 serial 12 m sections were cut at 4 different positions in the lumbar and sacral regions of the spinal cords. The sections were fixed in 4% PFA and stained for 10 min in 0.5% cresyl violet acetate dissolved in 0.3% acetic acid, dehydrated in ethanol, cleared in xylene, and embedded in Eukitt (Sigma-Aldrich). Images were taken with a Leica DFC350FX digital camera mounted on a Leica DM-RXE light microscope and analyzed with ImageJ. The alpha-motoneurons were identified according to Blondet et al. (57) , and the presence of a clearly identifiable nucleus. Motoneurons were traced through the sections to count every motoneuron only once. The total number of motoneurons in four 120-m stacks was compared between the two spinal cords, which were processed in parallel. Relative differences were calculated for Ն5 sets of animals.
Statistical analysis
All data are presented as means Ϯ sd. Statistical tests were performed with SPSS Statistics 17.0 (SPSS Inc., Cary, NC, USA). Significance levels were defined at P Ͻ 0.05, P Ͻ 0.01, and P Ͻ 0.001. Young-adult transgenic animals were always compared with wild-type littermates. Aged C57BL/6 mice were compared with young-adult (4-mo-old) animals from the same strain. To compare means of 2 groups, 2-tailed Mann-Whitney tests were used. Multiple comparisons (comparison of wild-type, Nto1, Nto1/rAg, and Nto1/Ag animals) were performed with 1-way ANOVA, followed by Tukey (homoscedasticity according to Levene's test) or Tamhane's T2 (heteroscedasticity according to Levene's test) post hoc tests. For pairwise comparisons (number of motoneurons), Wilcoxon signed ranks tests were applied. Muscles of aged genetically altered mice were tested for their deviation from those of young-adult wild-type, aged wild-type, and I) Quantification indicated significance of several sarcopenic traits in all conditions with enhanced agrin cleavage (Nto1, Nto1/Ag, Nto2, and Nto-moto) and in senescence. Data represent means Ϯ sd. J) Frequency histogram of the fiber cross-sectional areas (fCSAs) in soleus muscles. A broader fiber size distribution was characteristic for all lines overexpressing active neurotrypsin and for aged mice. Cleavage resistant agrin rescued from the effect of neurotrypsin. K) Fraction of atrophied (fCSAϽ500 m 2 ), hypertrophied (fCSAՆ2500 m 2 ), and angular fibers (circularityϽ0.6) was significantly increased in neurotrypsin-overexpressing and aged mice. Number of animals for each group is indicated as n (I) or in parentheses (J, K). Error bars ϭ sd (J, K). *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001 vs. young-adult wild type;°°P Ͻ 0.01,°°°P Ͻ 0.001 vs. Nto1. aged Nto1 mice. Each of these 3 groups was used as control group in a 1-way ANOVA followed by a Dunnet's 1-sided post hoc test.
RESULTS
Enhanced neurotrypsin-mediated agrin cleavage results in reduced muscle strength and impaired motor function
To study the effect of NMJ integrity on structure and function of skeletal muscles, we used a series of transgenic mouse lines (50) . The lines Nto1 and Nto2 overexpressed the agrin-cleaving serine protease neurotrypsin pan-neuronally. Nto-moto mice overexpressed neurotrypsin exclusively in motoneurons. A line overexpressing catalytically inactive neurotrypsin (Nto-inact) and neurotrypsin-deficient (Ntd) mice were used as controls. The 90-kDa fragment of agrin (agrin-90), which results from cleavage of agrin at its ␣-and ␤-cleavage sites (49, 51) , was increased in all mouse lines overexpressing active neurotrypsin (Supplemental Fig. S1 ). The increase of agrin-90 correlated with the level of neurotrypsin overexpression in different mouse lines (Nto1ϾNto2). Overexpression of inactive neurotrypsin did not affect agrin cleavage. Agrin-90 was Figure 4 . Type I fiber preference and fiber-type I grouping are common characteristics of both young-adult neurotrypsinoverexpressing and aged mice. A-H) Soleus muscle cross-sections, stained for type I fibers. Relative increase of type I fibers and fiber-type I grouping compared to wild type (A), indicated by the accumulation of enclosed fibers (asterisks), were observed in Nto1 (B), Nto-moto (F), and aged (H) muscles. Coexpression of cleavage-resistant agrin prevented these effects (C), while coexpression of wild-type agrin did not (D). Inactive neurotrypsin did not induce any alterations (G). Scale bars ϭ 0.1 mm. I) Quantification of the proportion of type I fibers in soleus muscles. Note the relative increase in type I fibers in Nto1, Nto-moto, and aged muscles. Line Nto2 showed only a minor effect. Additional overexpression of cleavage-resistant agrin restored the wild-type situation, whereas additional overexpression of wild-type agrin further increased the proportion of type I fibers compared with neurotrypsin alone. Error bars ϭsd. J) Quantification of fiber-type I grouping according to Lexell and Downham (19) . Values of T Ͼ 0 indicate fiber-type grouping. Enhanced agrin cleavage and aging induced grouping of type I fibers. Data represents means Ϯ sd. Number of animals for each group is indicated inside each bar (I) or as n (J). *P Ͻ 0.05, ***P Ͻ 0.001 vs. young-adult wild type;°P Ͻ 0.05,°°P Ͻ 0.01 vs. Nto1.
completely absent in neurotrypsin-deficient mice. Neurotrypsin overexpression and agrin cleavage were sustained until senescence, albeit at decreased levels. As specified previously for the diaphragm muscle, overexpression of neurotrypsin in motoneurons resulted in reduced levels of NMJ agrin and, in turn, a decay of the NMJs via an accelerated passage through transitory stages strongly reminiscent of the morphological intermediate stages of natural plaque-to-pretzel maturation (50) .
For rescue experiments, neurotrypsin-overexpressing Nto1 mice were crossed with mice overexpressing either a neurotrypsin-resistant form of agrin (rAg) or wild-type agrin (Ag) (50) . Coexpression of rAg with neurotrypsin (Nto1/rAg), both driven by the Thy-1 promoter, resulted in enhanced deposition of rAg at NMJs, as compared with single transgenic expression of rAg (Supplemental Fig. S2 ). Transgenic expression under the Thy-1 promoter starts around birth, when NMJs have already reached the oval-plaque stage and are functional. Therefore, these results suggest that excessive cleavage of wild-type agrin by overexpressed neurotrypsin generates "slots" for the deposition of rAg at the NMJs. In contrast, singly expressed transgenic rAg may not, or to a lesser extent, be deposited at NMJs, because of their preexisting "saturation" with endogenous agrin.
Mice overexpressing active neurotrypsin were viable but had a slightly reduced body mass (9% in 4-mo-old Nto1 mice; Supplemental Table S1 ) and an insecure and hesitant gait. The stride length was reduced, and they placed their hindpaw Ͼ1 cm behind, instead of immediately behind, their forepaw (Fig. 1B, H) . Ntomoto mice exhibited similar deficits, indicating a motoneuronal or a muscular rather than a central mechanism for the observed phenotype (Fig. 1C) . Forelimb grip strength of Nto1 mice was reduced by ϳ11% when compared with wild-type littermates (Fig. 1I) . Nto-inact and Nto1/rAg mice were normal in all aspects (Fig. 1D , E, H, I; Supplemental Table S1 ).
Aged (24-mo-old) wild-type mice exhibited remarkably similar motor deficits. Their gait was insecure and hesitant. They walked with small steps and placed their hind paw at some distance, rather than immediately behind the forepaw (Fig. 1G, H) . Forelimb grip strength was significantly reduced compared with young-adult (4-mo-old) animals (Fig. 1I ). Enhanced agrin cleavage induces sarcopenia-like morphological changes of the skeletal muscle
Analyses of a slow (m. soleus) and a fast twitch (EDL) skeletal muscle of young-adult mice revealed a dramatic loss of muscle fibers in conditions with enhanced agrin cleavage (Fig. 2I) . Up to 30% of all soleus muscle fibers were lost following neurotrypsin overexpression. The same effect, albeit to a lesser extent, was observed in the EDL muscle. Whole mCSA and mass of the soleus muscle were reduced ( Fig. 2I ; Supplemental Table S1 ). Yet, the loss of muscle thickness and mass was clearly less pronounced than the loss of fibers, attributable to a significant increase in the average fCSA. Measurements of individual fibers revealed increased heterogeneity of the fCSAs (Fig. 2B, J) . The fractions of both atrophied and hypertrophied fibers were increased (Fig. 2K) . Additionally, angular fibers, characterized by a low circularity, appeared in conditions with increased agrin cleavage (Fig. 2B, K) . Because angular fibers are indicators of denervation (4), their appearance suggested ongoing denervation of muscle fibers as a cause for fiber loss. Centralized nuclei, indicating newly formed fibers (ref. 59 and Fig. 2B, I ), suggested a regenerative reaction of the muscle. The extent of the different alterations was consistent with the level of neurotrypsin and agrin cleavage (Fig. 2I-K) . The strong phenotype in the Nto-moto line indicated that neurotrypsin overexpression in motoneurons sufficiently explained the observed phenotype (Fig. 2F) . Overexpression of inactive neurotrypsin did not affect muscle morphology (Fig. 2G) . The concomitant overexpression of cleavage-resistant agrin with neurotrypsin rescued from the muscular phenotype of neurotrypsin overexpression (Fig. 2C) . In contrast, no rescue effect was observed by co-overexpression of wild-type agrin (Fig. 2D ). According to these results, excessive agrin cleavage, induced by neurotrypsin overexpression in motoneurons, was responsible for sarcopenia-like muscular alterations in young-adult mice. Skeletal muscles of aged mice were analyzed for comparison (Fig. 2H) . As in conditions with enhanced agrin cleavage in young-adult mice, loss of myofibers, increased mean fiber thickness, increased fiber size variability, angular fibers, and centralized nuclei were observed (Fig. 2I-K) . The similarities of the muscular alterations found in young-adult mice with enhanced agrin cleavage and in aged wild-type mice suggested similar pathogenic mechanisms.
Neurotrypsin-dependent reduction of muscle fiber number results at least in part from fiber loss
Quantification of total fiber numbers of the soleus muscle of neurotrypsin-overexpressing mice along the time axis revealed a slowly progressive fiber loss starting in the second week of life (Fig. 3A) . After starting on postnatal d 10 with similar fiber numbers as wild-type mice, the fiber number in neurotrypsin-overexpressing mice was diminished by ϳ5% during the first 15 d of observation. During the following 275 d of observation, the fiber number was diminished by another 15%. In aggregate, soleus muscles of mice overexpressing neurotrypsin in motoneurons had ϳ20% less fibers on postnatal d 300 than they had on d 10. The parallel study of wild-type mice indicated that the adult fiber number was reached at ϳ1 mo of life, where the fiber number was ϳ15% higher than on d 10, when our study started. Therefore, the effective fiber loss of the soleus muscles of neurotrypsin-overexpressing mice during the 290 d period of observation can only be estimated. Referred to the fiber number counted on d 10 on soleus muscles of neurotrypsin-overexpressing mice, the minimal fiber loss was ϳ20%. Referring to wild-type muscles, which were still in the progress of developing new fibers up to ϳ1 mo of postnatal life, the effective fiber loss in neurotrypsin-overexpressing mice could be considerably higher. Together, these data indicate that fiber loss in neurotrypsin-overexpressing mice started within Ͻ10 d after up-regulation of neurotrypsin, reached a peak during the first month of postnatal life, and then continued with a slower pace during the entire 290 d period of observation.
To identify denervated muscle fibers, we stained for neural cell adhesion molecule (NCAM), which had been characterized previously as a marker for denervated muscle fibers (60) . We found an increase of NCAM-positive fibers from the wild-type level of 1.7 Ϯ 0.4% (nϭ5) to 2.4 Ϯ 0.9% (nϭ6) in young-adult neurotrypsin-overexpressing mice and to 2.0 Ϯ 0.4% (nϭ4) in aged wild-type mice. However, statistical testing did not indicate significance.
We also measured the whole-muscle CSAs and the average fiber CSAs along the time axis (Fig. 3B, C) . We found that the soleus muscle of neurotrypsin-overexpressing mice was thinner compared with wild type already on d 15 and that the difference further increased, as the difference in fiber number increased (Fig. 3A, B) . In contrast, the average fiber thickness, determined as the ratio of mCSA/fiber number, remained unaffected until the age of 34 d (Fig. 3C) . Only starting from d 45, the average fiber thickness in the aggregates. Loss of AChR clusters was only observed in the most fragmented NMJs (Ͼ12 fragments). As internal control, neighboring normally stained NMJs are included. E) Colocalization of agrin-90 (blue) and agrin-22 (magenta) with presynaptic (green) and postsynaptic (red) markers indicated the presence of full-length agrin at the NMJs of wild-type animals. soleus muscle of neurotrypsin-overexpressing mice was higher compared with wild type. This time course suggests that the increase in average fCSA in neurotrypsin-overexpressing mice is secondary to the neurotrypsin-induced fiber loss and results from a compensatory hypertrophic response of the healthy muscle fibers.
Preferential loss of type II fibers and fiber-type I grouping are common characteristics of young-adult mice with enhanced agrin cleavage and aged wild-type mice
Staining for type I fiber-specific myofibrillar actomyosin ATPase revealed a significant increase in the proportion of type I fibers and fiber-type grouping in neurotrypsin-overexpressing line Nto1 (Fig. 4B, I, J) . Nto2 mice exhibiting a lesser extent of agrin cleavage did not significantly deviate from wild type (Fig. 4E, I ). Both the proportional increase of type I fibers and fiber-type I grouping were also found in Nto-moto mice (Fig. 4F, I ). Inactive neurotrypsin did not cause any alterations (Fig.  4G, I ). Co-overexpression of cleavage-resistant agrin together with neurotrypsin restored the wild-type situation (Fig. 4C, I, J) . In contrast, co-overexpression of wild-type agrin with neurotrypsin had no rescue effect but further increased the relative amount of type I fibers compared with the overexpression of neurotrypsin alone, despite a similar loss of fibers (Fig. 4D, I, J) . Again, aged mice exhibited analogous alterations, with a significantly increased proportion of type I fibers and marked fiber-type I grouping compared with youngadult animals ( Fig. 4H-J) .
Enhanced agrin cleavage and aging are associated with NMJ fragmentation and dispersal of postsynaptic acetylcholine receptor (AChR) aggregates
Normal adult NMJs exhibit a typical pretzel-like appearance, with a perfect alignment of pre-and postsynaptic elements. The NMJs of neurotrypsin-overexpressing mice were fragmented, with numerous small spots instead of the pretzel-like structure (Fig. 5B, G, H) . NMJs of mice overexpressing inactive neurotrypsin did not deviate from wild-type NMJs (Fig. 5E, G, H) . Again, concomitant overexpression of neurotrypsin and resistant, but not wild-type, agrin rescued from the neurotrypsin-induced phenotype, restoring typical pretzellike NMJs (Fig. 5C, D, G, H) .
Pre-and postsynaptic elements of neurotrypsin-overexpressing mice were still mostly aligned (Fig. 5B) . However, in ϳ5% of the structures, the postsynaptic ␣-bungarotoxin signal was very weak, had a diffuse appearance, and did not completely colocalize with the presynaptic signal, which was still strong and precisely defined (Fig. 6A, B) . In NMJs with Ͼ12 fragments, some of the fragmented presynaptic terminals were not opposed by an ␣-bungarotoxin signal, indicating the dispersal of the postsynaptic AChR aggregates (Fig.  6C) . Stainings for agrin-90 and agrin-22 revealed that the absence of postsynaptic AChR aggregates was always linked with the absence of agrin-22, whereas agrin-90 remained aligned to such structures (Fig. 6G) . Therefore, neurotrypsin-mediated agrin cleavage and subsequent loss of agrin-22 may abolish agrin's synapseprotecting function and, hence, clear the way for dispersal of the postsynaptic specialization. Disappearance of agrin-22 preceded the dispersal of AChR clusters, as NMJs devoid of agrin-22 but still containing postsynaptic receptors were found (Fig. 6F) . As the C-terminal fragment is responsible for agrin's synapseprotecting activity, these structures may represent the final stage before NMJ dispersal (47, 48 ).
On very rare occasions, we found terminal sprouting from a NMJ in the soleus muscle of neurotrypsinoverexpressing mice (Fig. 6H) . In contrast, we never observed terminal sprouting in young-adult wild-type mice. Together, these observations suggest that excessive agrin cleavage is responsible for fragmentation and eventually dispersal of the NMJs, as well as for terminal sprouting.
NMJs of aged wild-type mice exhibit remarkably similar morphological characteristics, with an increased proportion of highly fragmented presynaptic and postsynaptic sites compared with young-adult wild-type mice ( Fig.  5F-H) . The fragmentation in aged wild-type mice was less severe compared with Nto1 mice. This was consistent with the muscle phenotype, which was more severe in Nto1 than in aged wild-type mice. Abandoned presynaptic terminals, which were not opposed by postsynaptic sites, were also occasionally found (Fig. 6D ).
Motoneuron number is not altered in neurotrypsin-overexpressing or aged mice
Other mechanisms affecting NMJ integrity have previously been linked to sarcopenia, including age-dependent death of motoneurons (21, 27, 28) . We found the same number of motoneurons in neurotrypsin-overexpressing and wild-type mice (Fig. 7D) . Comparison of young-adult and aged wild-type mice did not reveal any differences either (Fig. 7E) . We concluded that NMJ fragmentation and muscle fiber loss was not secondary to loss of motoneurons.
Together, our results demonstrate that mice exhibiting excessive agrin cleavage develop precociously a muscular and NMJ phenotype that exhibits all pathological alterations commonly found in human subjects with sarcopenia and in aged wild-type mice (summarized in Table 1 ).
Sarcopenia of aged mice develops in the absence of neurotrypsin and is not prevented by cleavage-resistant agrin and elevated levels of wild-type agrin
The close similarity between the alterations in NMJs and muscles of neurotrypsin-overexpressing and naturally aged mice (Table 1) prompted tests for the role of neurotrypsin in old-age sarcopenia. We analyzed 24-mo-old neurotrypsin-deficient mice and found that their muscles were significantly different from muscles of young-adult wild-type mice in the essential sarcopenic traits (Fig. 8B, G-I) . Notably, the extent of their sarcopenia was very similar to that of aged wildtype mice in all measured aspects. Because absence of neurotrypsin did not rescue aging muscles from developing sarcopenia, we concluded that neurotrypsin is not necessary for the pathogenesis of the type of sarcopenia that develops at old age.
Because cleavage-resistant agrin fully rescued from the precocious sarcopenia induced in young-adult mice by neurotrypsin overexpression (Figs. 1-5 ), we also studied its effect on the development of sarcopenia at old age. We found that 24-mo-old Nto1/rAg mice exhibited a markedly lesser degree of sarcopenia than age-matched Nto1 mice (Fig. 8C, D, G-I) . However, in contrast to the young-adult stage, muscles of aged Nto1 mice expressing resistant agrin were not fully sarcopenia free but exhibited residual histopathological traits of sarcopenia with the similar extent as wild-type and Ntd mice (Fig. 8A, B, D,  G-I) . Coexpression of wild-type agrin, in contrast to cleavage-resistant agrin, did not rescue at all from the severe sarcopenia phenotype caused by elevated neurotrypsin (Fig. 8C, E, G-I ). Fiber number, fiber thickness, fiber size variation, and the proportion of fibers with centralized nuclei in muscles of Nto1/Ag mice were similar to those of Nto1 mice. Together, these results indicate that cleavage-resistant, but not wild-type, agrin rescued from the component of sarcopenia attributable to overexpressed neurotrypsin but not from the naturally occurring component of sarcopenia that develops at old age. Intriguingly, the fractions of type I fibers in muscles of Nto1/rAg and Nto1/Ag mice were significantly higher than in muscles of Nto1 mice. The effect of elevated wild-type or resistant agrin on age-dependent sarcopenia was assessed in muscles of aged single-transgenic Ag and rAg mice. Both exhibited significant sarcopenic traits when compared with young-adult wild-type mice, in particular a significantly reduced number of fibers, and an increased fraction of type I fibers, atrophied fibers, and angular fibers (Fig.  8F-I ). In contrast, no significant difference to aged wild-type mice was found in any of the tested sarcopenic features. Notably, in marked contrast to the effect of agrin in Nto1/rAg and Nto1/Ag compared with Nto1 mice, no increase of the fraction of type I fibers over that of aged wild-type mice was found in muscles of single-transgenic Ag and rAg mice.
In muscles of rAg and Ag mice, we also found a marked decrease of the fraction of fibers with centralized nuclei to Ͻ50% of that in muscles of aged wild-type mice, however, significance was not reached (Fig. 8G) .
DISCUSSION
We identified the destabilization of the NMJ through proteolytic cleavage of the NMJ organizer agrin as the onset of a pathogenic pathway ending in sarcopenia. It has been suggested previously that with aging some muscle fibers may disconnect from their motoneuron due to decay of the NMJ (30, 31, (61) (62) (63) (64) (65) (66) . However, no pathogenic mechanisms were presented so far. We found that enhanced agrin cleavage, induced by overexpression of neurotrypsin in motoneurons, resulted in fragmentation and disassembly of NMJs and installed the full sarcopenia phenotype in young-adult mice. Both the muscular and the junctional sarcopenic alterations in neurotrypsin overexpressing mice were fully rescued by transgenic coexpression of cleavage-resistant agrin.
In neurotrypsin-dependent, like in age-dependent, sarcopenia, NMJs deviated from the typical pretzel shape by their pronounced fragmentation. NMJ fragmentation is typically associated with enhanced neuromuscular reorganization, for instance in dystrophindeficient (mdx) mice, where NMJs must adapt to ongoing cycles of degeneration and regeneration of muscle fibers (67) (68) (69) (70) . We suggest neurotrypsin-dependent agrin cleavage as a means to regulate NMJ reorganization. In a previous study, we characterized neurotrypsin-dependent agrin cleavage as a positive regulator of NMJ reorganization during development. In the diaphragm, where NMJs were extremely sensitive to neurotrypsin, neurotrypsin overexpression in motoneurons resulted in the accelerated passage of the developing NMJs through the stages of plaque-to-pretzel maturation (50) . Coexpression of cleavage-resistant agrin not only rescued the phenotype of neurotrypsin overexpression but delayed plaque-to-pretzel maturation. Thus, we concluded that the presence of agrin constrained NMJ maturation by stabilizing against the catabolic leg of the reorganizational process. Consistent with this model, we found that enhanced agrin cleavage, induced by elevated levels of neurotrypsin, relieved the constraint and thus allowed accelerated NMJ maturation, while reduced agrin cleavage, resulting from the incorporation of cleavage-resistant agrin at the NMJ, enhanced the constraint and thus delayed NMJ maturation. Furthermore, we observed that after NMJs reached the mature pretzel stage they disassembled within days via a short transition stage characterized by the presence of small NMJ remnants (50) . In accordance with previous studies that demonstrated a protective role of agrin on the NMJ by preventing the removal of receptors and other postsynaptic components (47, 48) , we concluded that the complete clearance of agrin from NMJs due to sustained neurotrypsin overexpression opens a pathway to complete NMJ disassembly.
In extension of these views, we propose that adult NMJ fragmentation is the result of the same or a similar type of NMJ reorganization as developmental plaqueto-pretzel maturation. We suggest that the fragmentation of NMJs of young-adult neurotrypsin-overexpressing mice, as presented here, represents the protracted version of the fulminant NMJ disassembly that occurred in the diaphragm of neurotrypsin-overexpressing mice after the pretzel stage was reached. In the diaphragm, the extremely active reorganization resulted in the disassembly of almost all NMJs within days, while the same but less abundant reorganizational process in the soleus generates fragmentation, but only rarely drives a NMJ to excessive fragmentation resulting in complete disassembly. Detailed analysis of fragmented NMJs in neurotrypsin-overexpressing mice indeed reangular fibers are marked with arrows and arrowheads, respectively. Enclosed fibers, indicative of fiber-type grouping, are marked with asterisks. A, B) Aged wt and Ntd mice show similar sarcopenia-like morphological alterations. C-E) Sarcopenic traits of aged Nto1/rAg mice (D) were less pronounced than in aged Nto1 (C) and Nto1/Ag mice (E), indicating a rescue effect of rAg. Both aged Nto1/rAg and Nto1/Ag showed a relative increase of type I fibers compared with aged Nto1. F) Muscles of aged rAg mice exhibit sarcopenic traits with the same extent as aged wild-type mice. Scale bars ϭ 0.1 mm. G) Quantification of sarcopenic traits in soleus muscles of aged mice. Data previously determined for young-adult (4-mo-old) wild-type mice (Fig. 2I ) are included for reference. H) Frequency histogram of the fCSAs in soleus muscles. I) Absence of neurotrypsin or the overexpression of agrin or resistant agrin did not rescue the age-associated increase in the amount of atrophied, hypertrophied, or angular fibers. Number of animals for each group is indicated as n (G) or in parentheses (H, I). Data represent means Ϯ sd (G); error bars ϭ sd (H, I). *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001 vs. young-adult wild type; ## P Ͻ 0.01, ### P Ͻ 0.001 vs. aged wild type;°P Ͻ 0.05,°°P Ͻ 0.01,°°°P Ͻ 0.001 vs. aged Nto1.
vealed the selective local depletion of agrin-22 from the most highly fragmented NMJs. We found 2 forms of NMJs devoid of agrin-22: some still exhibited clustered postsynaptic receptors, while others were without a postsynaptic specialization. In contrast, we never observed agrin-22 associated with presynaptic NMJ fragments lacking a postsynaptic specialization. These observations indicate that the neurotrypsin-dependent clearance of agrin-22 from a NMJ fragment precedes the disassembly of the postsynaptic specialization. The complete disassembly of the postsynaptic specialization in turn may represent a point-of-no-return, resulting inevitably in the complete disassembly of a NMJ, because the absence of the synapse-inducing function of agrin (44, 45) may prevent the replacement of the lost postsynaptic specialization. Based on this premise, the disappearance of the postsynaptic receptor clusters of the most fragmented NMJs represents a morphological correlate of denervation.
In accordance with the morphological demonstration of denervation at the NMJ level, muscles of neurotrypsinoverexpressing mice tended to have an increased proportion of fibers with an elevated concentration of NCAM, a marker for denervated muscle fibers, although this did not reach significance. In summary, our data show an intimate linkage among the up-regulation of neurotrypsin, the selective cleavage of agrin, the fragmentation of NMJs with the complete clearance of agrin from the most highly fragmented NMJs, and the progressive loss of muscle fibers. Because of the protracted course of the neurotrypsin-dependent muscle fiber loss, with only ϳ150 fibers lost in 290 d, it is extremely difficult to obtain enough experimental evidence to establish an unequivocal sequence of causal events from up-regulation of neurotrypsin to muscle fiber loss. In particular, we could not unequivocally determine whether neurotrypsin-dependent agrin cleavage acted first on the NMJs, before the resulting NMJ alterations caused the death of muscle fibers, or whether muscle degeneration was upstream of the observed NMJ alterations. However, selective overexpression of neurotrypsin in motoneurons caused cleavage of agrin within motoneurons or, possibly, at the NMJ (for a discussion, see ref. 50). We never found evidence for a general effect of neurotrypsin on muscular agrin outside of the NMJs. Considering the well-established role of agrin as a NMJ-inducing and -protecting agent (44 -48), we favor a pathogenic mechanism that affects the integrity of the NMJ, which in turn results in muscle fiber loss. Intriguingly, presynaptic terminals without a postsynaptic site were also found in the most highly fragmented NMJs of aged wild-type mice, suggesting NMJ destabilization also as a crucial contribution to the type of sarcopenia that affects aged individuals.
Muscles of young-adult neurotrypsin-overexpressing and aged wild-type mice exhibited decreased absolute numbers of both fiber types, with an increased proportion of type I fibers. This result is in accordance with previous studies that demonstrated that aging goes along with a fiber-type redistribution away from the dominant form in any given muscle (25, 26) . It is well documented that in young adult mice even the "slow" soleus muscle exhibits Յ50% type I fibers (71) (72) (73) . We found 40% type I fibers using mATPase staining, which provides a distribution between type I and type II fibers, without reference to the myosin heavy chain (MHC) isotypes and, therefore, without allowing to distinguish between fibers expressing a single MHC and hybrid fibers with more than one MHC. The observed fibertype redistribution may be at least in part the result of fiber-type reprogramming. As aged humans with sarcopenia (17) (18) (19) , young-adult mice with enhanced agrin cleavage showed pronounced fiber-type grouping, which occurs when denervated muscle fibers are reinnervated and reprogrammed by collaterals of the motor nerve of adjacent fibers. Motor nerve sprouting was indeed found at NMJs of neurotrypsin-overexpressing mice. In the more acutely reacting NMJs of the diaphragm, motor nerves that had ended on a disassembled NMJ reacted with excessive sprouting and outgrowth (50) . At NMJs of the soleus muscle, motor nerve sprouting was also found (Fig. 6H) . However, consistent with the protracted course of the processes leading to sarcopenia in the soleus muscle, deteriorating NMJs with a sprouting nerve terminal were extremely rare observations.
In both humans and mice, the marked NMJ fragmentation, together with the relative increase and the grouping of type I fibers in the absence of motoneuron loss, indicates a key role of NMJ reorganization and deterioration also for old-age sarcopenia. However, neurotrypsin is not etiologic for sarcopenia of aged mice, as old Ntd mice suffered from sarcopenia as much as their wild-type littermates. Accordingly, our analysis of 24-mo-old Nto1/rAg mice indicated only a partial rescue from the severe sarcopenia of neurotrypsin-overexpressing mice, with a residual sarcopenia in the same range as found in age-matched wild-type mice. Thus, we concluded that cleavage-resistant agrin rescued only the component of sarcopenia that is attributable to overexpressed neurotrypsin but not from the etiologically and pathogenically distinct component of sarcopenia that develops with age.
The increased fraction of type I fibers in Nto1/rAg compared with Nto1 mice indicates that overexpression of resistant agrin drives reinnervation of denervated type II fibers by nerves innervating adjacent type I fibers. Thus, resistant agrin not only protects NMJs from disassembly but also exerts a survival-promoting effect for denervated muscle fibers by promoting their enhanced reinnervation. Interestingly, the elevation of wild-type agrin in Nto1/Ag mice increased the fraction of type I fibers as well but without a resulting effect on fiber number. Most likely, deposits of transgenic wild-type agrin at NMJs are too short lived in the presence of elevated neurotrypsin to exert a NMJ-protecting effect.
Muscles of aged single-transgenic mice expressing either wild-type or cleavage-resistant agrin were not significantly distinct from those of aged wild-type mice in any one of the assessed sarcopenic traits. The markedly reduced fiber number compared with young-adult mice excludes a substantial protection against the development of age-dependent sarcopenia by elevated agrin levels. Because the fraction of type I fibers was not increased, no positive effect of agrin on reinnervation and fiber survival could be implied from our studies in single-transgenic Ag and rAg mice. These data are in marked contrast to the effect of agrin when it is coexpressed with neurotrypsin in Nto1 mice. This striking discrepancy may be explained by the more efficient deposition of transgenic agrin in NMJs when endogenous agrin is depleted by the action of elevated levels of neurotrypsin. Intriguingly, muscles of aged single-transgenic rAg and Ag mice exhibited a marked decrease of the fraction of centralized nuclei to less than half compared with aged wild-type mice. Although significance was not reached, the large difference is intriguing, because centralized nuclei indicate the regenerative formation of new muscle fibers and/or myonuclear accretion by muscle fibers adapting their size, such as surviving fibers reacting with hypertrophy to compensate for fiber loss and recently reinnervated fibers that are in the process of recovering their size after denervation-dependent atrophy (59, 74, 75) . The potential negative effect of agrin on muscle fiber regeneration and adaptation is unexpected based on the currently documented functions of agrin and deserves further scrutiny.
